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We present a study of the tetragonal to collapsed-tetragonal transition of CaFe2As2 using angle-
resolved photoemission experiments and dynamical mean field theory-based electronic structure cal-
culations. We observe that the collapsed-tetragonal phase exhibits reduced correlations and a higher
coherence temperature due to the stronger Fe-As hybridization. Furthermore, a comparison of mea-
sured photoemission spectra and theoretical spectral functions shows that momentum-dependent
corrections to the density functional band structure are essential for the description of low-energy
quasiparticle dispersions. We introduce those using the recently proposed combined “Screened Ex-
change + Dynamical Mean Field Theory” scheme.
PACS numbers: 71.27.+a, 79.60.-i, 74.70.Xa, 71.45.Gm
I. INTRODUCTION
CaFe2As2 at ambient pressure and temperature is in
a paramagnetic tetragonal phase. When temperature is
lowered under 170 K it develops a collinear antiferro-
magnetic order and becomes orthorhombic [1–3]. Under
pressure, this orthorhombic phase can be suppressed and
replaced by a non-magnetic collapsed-tetragonal phase in
which the distance between two FeAs layers is strongly re-
duced due to the formation of covalent bonds between As
atoms from two different layers. Superconductivity can
also develop from this collapsed phase [4, 5]. Recently,
it has been found that a quench of the annealing phase
during crystal synthesis can produce samples presenting
similar properties as CaFe2As2 under pressure [6, 7]. At
ambient temperature and pressure, they are in the tetrag-
onal phase, and when temperature is lowered there is a
transition into a collapsed-tetragonal phase, around 90 K
in our samples [7]. There are also other ways to induce
a collapse transition at ambient pressure, such as isova-
lent substitution of As by P [8], electron-doping by Rh
at the Fe site [9] or electron doping by rare-earth on the
Ca site [10]. However, while CaFe2As2 in the collapsed-
tetragonal phase can become superconductor under pres-
sure [36] or with rare-earth doping [4, 10], it is not the
case in these quenched crystals.
During the collapse, the c axis of the unit cell is
strongly reduced by about 10%, while the a axis is en-
larged by about 2%. This modification of the crys-
tal structure is at the origin of a reorganization of the
Fermi surface and electronic structure of the compound
[8, 9, 11–13], which has been studied within DFT [8, 14–
16] and very recently within combined density functional
dynamical mean field theory (“DFT+DMFT”) [17, 18].
In particular, it was found that the electronic correla-
tions are reduced in the collapsed phase. Interestingly,
the resistivity at the transition changes its low-energy be-
havior from ρ ∝ T or ρ ∝ T 1.5 in the tetragonal phase
to ρ ∝ T 2 – as in a good Fermi liquid – in the collapsed-
tetragonal phase [7, 9, 19]. In rare-earth electron-doped
Ca1-xRExFe2As2 , this Fermi-liquid like resistivity is also
observed at low temperature, independently of the stable
phase – collapsed-tetragonal or non-collapsed-tetragonal
as in Ca1-xLaxFe2As2 [10]. Recent Nuclear Magnetic
Resonance data further indicate a suppression of antifer-
romagnetic spin fluctuations in the collapsed-tetragonal
phase [20]. Motivated by these intriguing results, we have
performed DFT+DMFT calculations and ARPES exper-
iments on the tetragonal and collapsed-tetragonal phase
of CaFe2As2.
II. THE COLLAPSE TRANSITION AS SEEN BY
ARPES
We have performed angle-resolved photoemission mea-
surements on samples grown by the self-flux method that
are quenched from 960°C (corresponding to as-grown “p1”
samples in [7]). Experiments were conducted at the CAS-
SIOPEE beamline of SOLEIL synchrotron (France) and
at the Institute of Physics, Chinese Academy of Sciences
(China). Both systems are equipped with VG-Scienta
R4000 electron analyzers. All samples were cleaved in
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Figure 1: (Color online). Photon energy dependence of the
ARPES spectra of CaFe2As2 in the tetragonal (T = 100 K)
and collapsed-tetragonal (T = 30 K) phases at the Fermi level
around the Γ point.
situ at temperatures higher than 200 K and measured
in a working vacuum between 5 × 10−10 and 1 × 10−9
torr at SOLEIL, and better than 5 × 10−11 torr at the
Institute of Physics. The photon energy was varied from
20 to 80 eV in synchrotron while we used the He Iα line
of an helium discharge lamp in the lab (21.218 eV). The
angular resolution was better than 0.5° and the energy
resolution better than 10 meV.
Samples were measured at 200 K, 100 K, 80 K and
30 K. The tetragonal to collapsed-tetragonal transition
is shown to occur around 90 K by our magnetic suscepti-
bility measurements, with a hysteresis smaller than 5 K,
in agreement with [7]. Although we have performed the
temperature-dependent measurements at the Institute of
Physics, the Fermi surfaces obtained in SOLEIL are sim-
ilar to those obtained in our laboratory, indicating that
the measured samples are in the same phase.
Fig. 1 displays the photoemission spectra centered on
the Γ point at the Fermi level for different photon ener-
gies, in the collapsed-tetragonal and tetragonal phases.
From the observed periodicity of the spectrum in the
collapsed-tetragonal phase we find that the Γ point is
located around 33 eV and 70 eV whereas a Z point
is found around 50 eV. Using the sudden approxima-
tion and nearly free-electron model for the final state:
k⊥ =
√
2m (Ekin cos2 θ + V0)/~ and the lattice parame-
ters of Saparov et al. [7], we deduce an inner potential V0
of about 15 eV, which is consistent with other Fe-based
superconductors [21]. This value of the inner potential
also corresponds well to the data observed by Dhaka et
al. [12]. In the tetragonal phase the data are less clear,
but using the same value for V0 we estimate the Γ point
to be around 28 eV and 60 eV and the Z point around 43
eV. This assumption is plausible at 28 eV, even though
for higher photon energy there seems to be a slight dis-
crepancy with the observed spectrum. This might be due
to a modification of the inner potential since the surface
Figure 2: (Color online). Fermi surface mapping of CaFe2As2
in the tetragonal (T > 90 K) and collapsed-tetragonal (T <
90 K) phases.
will probably be different in the tetragonal phase.
Fig. 2 shows the Fermi surface of our CaFe2As2 sam-
ple in the tetragonal and collapsed-tetragonal phases
recorded with a photon energy of 21.218 eV. We have low-
ered the temperature from 200 K to 30 K and finished the
measurements less than 30 hours after the cleave, such
that the aging of the sample was not important. Us-
ing the previously deduced inner potential, we find that
for the collapsed-tetragonal phase the Γ point [37] has
a kz close to 1.25 pi/c′ – with c′ = c/2 the distance be-
tween two FeAs layers, close to the Z point of coordinates
(0, 0, pi/c′). kz then decreases when k‖ is increased, with
a value of 0.89 pi/c′ at the M point and 1.01 pi/c′ at the
X point. It is interesting to note that the point sym-
metric to Γ with respect to the X point would have for
coordinates (2pi/a, 0, 0.5pi/c′), such that it would nearly
correspond to the same high-symmetry point [38]. For
the tetragonal phase, we find kz = 1.6pi/c′ at the Γ point
and kz = 1.19pi/c′ at the M point.
For a more detailed analysis of the states forming the
Fermi surface, we also present three different cuts. We
first show the Γ-M direction for all temperatures (see Fig.
3 for the spectra and its curvature [22]). We also display
a cut near the M point on the direction perpendicular to
Γ-M (see Fig. 4 left panel) and another one along the Γ-X
direction (Fig. 4 right panel), for the collapsed-tetragonal
phase at 80 K only (similar results are obtained at 30 K).
In the tetragonal phase, we can distinguish two hole-like
bands forming circular hole pockets near the Γ point, al-
though one may not cross the Fermi level. We also find
two electron pockets around the M point. This is similar
to what is found in many iron pnictides, and in particu-
Figure 3: (Color online). ARPES spectra (top) and curva-
ture (bottom) of CaFe2As2 in the tetragonal (T > 90 K) and
collapsed-tetragonal (T < 90 K) phases along cut 1 of Fig. 2.
lar in BaFe2As2. Below the transition temperature, the
Fermi surface is reorganized. The circular hole pocket
around the Γ point shrinks drastically – or even disap-
pears – while a large square hole pocket develops. This
shape of the hole-like bands is very characteristic of the
collapsed structure and qualitatively different from what
is seen in BaFe2As2 [23]. This effect is due to a stronger
three-dimensional character, as can be observed from the
photon-energy dependent data of Fig. 1. Indeed, the kz
dispersion is enhanced by the strong As-As pz interlayer
hybridization in the collapsed phase. On the other hand,
the electron pockets near M keep a similar size.
From the temperature-dependent photoemission spec-
tra of Fig. 2, it is interesting to see how the features
become better defined as temperature is lowered. No-
tably, there is a clear difference between spectra above
(at 100 K) and below (at 80 K) the collapse transition.
However, because the quasiparticle dispersions are also
changed through this transition, and because overall the
spectrum appears to be very sensitive to temperature, it
is difficult to attribute this improvement to the transition
only.
Figure 4: (Color online). Curvature of the ARPES spectra of
CaFe2As2 in the collapsed-tetragonal phase (T < 90 K) along
cut 2 (near the M point, left) and along cut 3 (right) of Fig.
2.
dz2 dx2−y2 dxy dxz+yz
Tetragonal 1.43 1.37 1.64 1.57
collapsed-tetragonal 1.35 1.36 1.45 1.46
Table I: Mass renormalizations calculated from DFT+DMFT
for the Fe-3d orbitals.
III. DFT+DMFT CALCULATIONS
We now turn to a theoretical description of the spectral
properties of CaFe2As2, using first principles dynamical
mean field theory (DMFT) techniques. The first step
are calculations based on the by now well-established
DFT+DMFT method [24, 25]. We use the DFT+DMFT
implementation of [26] within the Local Density Approx-
imation (LDA) to the exchange-correlation functional,
and Hubbard and Hund’s interactions obtained from the
constrained random phase approximation (cRPA) [27] in
the implementation of Ref. [28]. The cRPA calculations
yield F 0 = 2.5 eV, F 2 = 6.0 eV and F 4 = 4.5 eV, corre-
sponding to a Hund’s rule coupling of J = 0.75 eV.
Fig. 5 presents the superposition of bands extracted
from DFT+DMFT calculations performed at 120 K with
the ARPES spectrum along the Γ-M direction. We have
taken into account the variation of kz as indicated pre-
viously. Overall, the band renormalization is correctly
described by the DFT+DMFT calculations. The theo-
retical quasi-particle renormalizations as extracted from
a linearization around the Fermi energy of the imaginary
part of the self-energy on the Matsubara axis are dis-
played in Table I. A caveat is however in order since the
linear regime is really restricted to the first few Matsub-
ara frequencies only, indicating that at the temperature
of the calculation the system is at the border to an in-
coherent regime. Interestingly, on larger energy scales,
at least in the tetragonal phase the self-energy can quite
well be fit as a power law behavior ωα with α around
0.75. This is reminiscent to what was found in BaFe2As2
in [29].
In agreement with Refs. [17, 18], we find the tetrago-
nal phase to exhibit stronger electronic correlations than
the collapsed phase. Within a given phase, we observe
stronger effects on the dxz+yz and dxy orbitals than on
the dz2 and dx2−y2 ones.
We can also see from the calculations that there may
be three hole-like bands in total in the tetragonal phase
but two are nearly degenerate near the Γ point. How-
ever, if we look at the precise details of the low-energy
states, we can find several discrepancies. In the tetrago-
nal phase at the Fermi level, one of the bands near the
Γ point is not well described. It is not clear if this is due
to possible surface effects, limitations of the calculations
or other issues. On the other hand the electron pockets
are well described. In the collapsed-tetragonal phase, the
two hole-like bands near the Γ point appear to be very
close to each other from photoemission measurements, as
can be seen even more clearly on the 30 K data of Fig.
3 and along the Γ-X direction of Fig. 4. At the M point,
two bands are responsible for the electron pockets, how-
ever the shape deviates from the experimental data due
to upbending of one of the bands. On the other hand,
we consider the agreement for the Fermi vector of the
large hole pocket relatively satisfying since this band is
very sensitive to the precise value of kz. If we suppose
that the ARPES spectrum reflects the bulk features of
the collapsed-tetragonal phase, an important test for im-
proved calculational schemes will be the correct predic-
tion of the dispersion of the two hole-like bands near Γ,
and of the interesting topology found near the M point in
Fig. 4, which shows three bands crossing the Fermi level
very close to each other – one of them being the large
hole pocket. This last point is very specific to this com-
pound in the iron pnictides family and due to the large kz
dispersion of the collapsed phase. We will present results
beyond current DFT+DMFT techniques for CaFe2As2
in section 5 below.
IV. INTERPLAY OF STRUCTURAL AND
ELECTRONIC PROPERTIES WITHIN
DFT+DMFT: INTERLAYER VERSUS
INTRALAYER GEOMETRIES
The origin of the reduction of correlations in the
collapsed-tetragonal phase compared to the tetragonal
phase is challenging to understand since both Fe-As and
As-As bindings are modified. Indeed, in the collapsed
structure the As-As interlayer binding is much stronger,
which should increase the three-dimensional character of
the band structure dispersion. However, the transition
has also another effect on the Fe-As binding since the
c axis collapses so much that the As height to the Fe
plane is reduced. The result is that the Fe-As distance is
shortened, suggesting an enhancement of the hybridiza-
tion between the As-4p and the Fe-3d orbitals – though
the expansion of the a axis limits this enhancement.
To decouple these two effects we have performed
DFT+DMFT calculations on two hypothetical “hybrid”
Figure 5: (Color online). Comparison of DFT+DMFT spec-
tral functions with ARPES spectra of CaFe2As2 in the tetrag-
onal and collapsed-tetragonal phases. The parts of the spec-
tral functions with value higher than 4 eV-1 are superimposed
on the ARPES data of CaFe2As2 in the tetragonal (100 K)
and collapsed-tetragonal (80 K) phases along the Γ-M direc-
tion, represented using the (left) spectra or (right) curvature.
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Figure 6: (Color online). Imaginary part of the self-energy in
Matsubara frequencies of the dxy orbital for CaFe2As2 in the
tetragonal structure (T), collapsed-tetragonal structure (CT)
and in two hypothetical structures mixing the interlayer (i.e.
As-As interlayer distance) and intralayer (i.e. intralayer Fe
and As angles and distances) of the tetragonal and collapsed-
tetragonal structures. The inset shows a schematic view of
the different structures (colours correspond to the legend).
compounds. In the first one, we keep the same angle and
distances between atoms within the FeAs layers as in the
tetragonal phase, while the interlayer As-As distance is
that of the collapsed-tetragonal phase. In the other one,
we do the opposite: the layer is that of the collapsed-
tetragonal phase and the interlayer distance is that of
the tetragonal phase.
The imaginary part of the self-energy of the dxy orbital
in Matsubara frequencies is displayed in Fig. 6. The ef-
Figure 7: (Color online). Comparison of SEx+DDMFT
spectral function with ARPES spectra of CaFe2As2 in the
collapsed-tetragonal phase. The parts of the spectral func-
tions with value higher than 4 eV-1 are superimposed on the
ARPES data of CaFe2As2 along the Γ-M direction, repre-
sented using the (left) spectra or (right) curvature.
fect on the dxz + dyz orbital is similar, and since those
orbitals have the highest density-of-states at the Fermi
level we expect that they control the coherence proper-
ties of the compound [39]. We can first see that in the
collapsed phase the imaginary part of the self-energy dis-
plays a more coherent behavior, which corresponds to
the longer lifetime of quasiparticles displayed in Fig. 5.
Furthermore, the shape of the self-energy of the hybrid
compounds depends on the structure of the FeAs layer,
while it is nearly insensitive to the interlayer As-As dis-
tance. Naturally, in reality those two effects are linked
with each other, since the deformation of the FeAs layer
is caused by the formation of As-As bonds that make the
c axis collapse. Still, this numerical experiment indicates
that within DFT+DMFT the improvement of coherence
properties is not due to the interlayer As-As bonding but
to the increase of the Fe-As hybridization within one sin-
gle layer.
V. BEYOND DFT+DMFT: RESULTS FROM
SCREENED-EXCHANGE DYNAMICAL MEAN
FIELD THEORY
Recently, some of us have proposed a new calculational
scheme that goes beyond current DFT+DMFT tech-
niques [30, 31]: the combination of a screened exchange
Hamiltonian with “dynamical DMFT”, that is DMFT ex-
tended to dynamical Hubbard interactions [29, 32, 33]
was shown to drastically improve upon the low-energy
description of BaCo2As2. In this context, the apparent
success of the standard DFT+DMFT scheme was shown
to result from an error cancelation effect: a one-body
Hamiltonian where the local exchange-correlation poten-
tial of DFT has been replaced by a non-local screened
Fock term has in fact a wider band structure than the
DFT one, but including dynamical screening effects at
the level of the Hubbard interactions leads to addi-
tional renormalizations of the electronic states, as com-
pared to usual DMFT. For this reason, the overall band-
width of LDA+DMFT calculations and “Screened Ex-
change+Dynamical DMFT” (“SEx+DDMFT”) calcula-
tions are similar. The low-energy dispersions are how-
ever quite strongly improved by the introduction of the
non-local screened exchange contribution.
In Fig. 7, we present the results of this SEx+DDMFT
scheme, in the implementation of Ref. [30], applied to
CaFe2As2. We use the frequency-dependent interac-
tions as calculated in Ref. [34] and a value of λ = 1.7
a−10 for the screening wavelength which corresponds to
the density-of-states at the Fermi level of the calcu-
lated result. As anticipated, due to the antagonistic ef-
fects of the non-local screened-exchange and of the high-
frequency tail of the interactions, the overall renormal-
ization of SEx+DDMFT is similar to the DFT+DMFT
one. Still, the details of the quasiparticles dispersions at
low energy are importantly modified. In the collapsed-
tetragonal phase of CaFe2As2, the two bands observed
near the Γ point are correctly described, in contrast to
DFT+DMFT. The third large hole pocket is at variance
with the calculations, but we stress that its precise Fermi
vector is very sensitive on the value of kz.
VI. CONCLUSION
We have performed a study of the tetragonal and
collapsed-tetragonal phases of CaFe2As2 using ARPES
and electronic structure calculations. Our results support
the picture that within DMFT, the collapsed-tetragonal
phase exhibits reduced correlations and higher coherence
temperature due to the higher Fe-As hybridization, in
agreement with other studies [17, 18]. However, we note
that the reduction of correlations that we observe does
not result in a dramatic change in the electronic self-
energy that could explain by itself the behavior seen
by resistivity measurements. This is confirmed by the
ARPES results in the sense that the quasiparticle life-
times away from the Γ point do not seem to be strongly
impacted by the transition. Around the Γ point itself the
electronic states found by photoemission appear more co-
herent but their dispersion has been largely reshaped by
the collapse of the crystal. Furthermore, the unconven-
tional transport behavior observed in experiments might
not be the result of a change in electronic coherence alone.
The reconstruction of the Fermi surface and of the low-
energy electronic dispersion might induce geometric ef-
fects via, e.g. the Fermi surface nesting or dimensional-
ity. Finally, at the temperature where the T – or T 1.5
– behavior of the resistivity is observed, phonons likely
also come into play.
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